ABSTRACT Background: Adaptive thermogenesis (AT) is the fat-free mass (FFM)-independent reduction of resting energy expenditure (REE) to caloric restriction (CR). AT attenuates weight loss and favors weight regain. Its variance, dynamics, and control remain obscure. Objectives: Our aims were to address the variance and kinetics of AT, its associations with body composition in the context of endocrine determinants, and its effect on weight regain. Design: Thirty-two nonobese men underwent sequential overfeeding (1 wk at +50% of energy needs), CR (3 wk at 250% of energy needs), and refeeding (2 wk at +50% of energy needs). AT and its determinants were measured together with body composition as assessed with the use of quantitative magnetic resonance, whole-body MRI, isotope dilution, and nitrogen and fluid balances. Results: Changes in body weight were +1.8 kg (overfeeding), 26.0 kg (CR), and +3.5 kg (refeeding). CR reduced fat mass and FFM by 114 and 159 g/d, respectively. Within FFM, skeletal muscle (25%), liver (213%), and kidneys (28%) decreased. CR also led to reductions in REE (2266 kcal/d), respiratory quotient (215%), heart rate (214%), blood pressure (27%), creatinine clearance (212%), energy cost of walking (222%), activity of the sympathetic nervous system (SNS) (238%), and plasma leptin (244%), insulin (254%), adiponectin (249%), 3,5,3#-tri-iodo-thyronine (T3) (239%), and testosterone (211%). AT was 108 kcal/d or 48% of the decrease in REE. Changes in FFM composition explained 36 kcal, which left 72 kcal/d for true AT. The decrease in AT became significant at #3 d of CR and was related to decreases in insulin secretion (r = 0.92, P , 0.001), heart rate (r = 0.60, P , 0.05), creatinine clearance (r = 0.79, P , 0.05), negative fluid balance (r = 0.51, P , 0.01), and the free water clearance rate (r = 20.90, P , 0.002). SNS activity and plasma leptin, ghrelin, and T3 and their changes with CR were not related to AT. Conclusion: During early weight loss, AT is associated with a fall in insulin secretion and body fluid balance. This trial was registered at clinicaltrials.gov as NCT01737034.
INTRODUCTION
Caloric restriction (CR) 7 and weight loss are associated with decreases in resting energy expenditure (REE) and adaptive thermogenesis (AT). AT refers to the decrease in REE beyond those decreases accounted for by changed fat-free mass (FFM) and fat mass (FM). This effect is seen with diet, exercise, diet-andexercise, pharmacologic, and surgical interventions (1) (2) (3) . The extent of AT relates to the degree of energy deficit (4) , and it reduces the magnitude of the negative energy balance. In obese patients, AT might persist beyond weight loss (5, 6) . It has been hypothesized that AT favors weight instability and regain (1, (5) (6) (7) (8) . By contrast, AT may be beneficial in patients with anorexia nervosa in whom the metabolic adaptation favors weight gain during refeeding (9) . The quantification of AT is important when considering the thrifty gene hypothesis (10, 11) , the modeling of weight change in response to changes in energy intake (12, 13) , weight loss, and a disproportional regain of FM in patients with 1 Supported by a grant of the German Ministry of Education and Research (BMBF 01EA1336), the German Research Foundation (DFG Bo 3296/1-1), and the BMBF Kompetenznetz Adipositas, Core Domain "Body composition" (Körperzusammensetzung; 01GI1125). 2 Supplemental Tables 1-4 are available from the "Supplemental data" link in the online posting of the article and from the same link in the online table of contents at http://ajcn.nutrition.org.
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anorexia nervosa and weight-reduced obese patients (9, 14, 15) and modern concepts of bioenergetics as target for obesity treatment (16) .
AT could be a regulated or a forced change. Most authors have assumed that AT is an autoregulatory response explained by the reduced activity of the sympathetic nervous system (SNS) and low plasma concentrations of 3,5,3#-tri-iodo-thyronine (T3) and leptin (6, 17, 18) . Keys et al. (19) were first to quantitatively describe AT. In the Minnesota Starvation Experiment (19) , REE declined by 39% or w600 kcal/d. Approximately 35% of the starvationinduced fall in REE (i.e., w200 kcal/d) was independent of losses in FFM (19) . In a subsequent study on 3 wk of semistarvation, AT reached 73% of the fall in REE (20) . With weight recovery, REE increased and surpassed that in the prestarvation state (19) . In another seminal study, Leibel et al. (21) showed that a 10% weight reduction and subsequent stabilization yielded an AT between 54 and 137 kcal/d. Although AT seems to be established, it is still causally enigmatic to physicians. Some pertinent questions remain to be answered.
The current study followed a subsequent CR-refeeding protocol. Ourprimaryhypotheseswere thatAT 1)ispartlyexplainedbychanges in the composition of FFM, 2) is linked to early rather than prolonged starvation, and 3) has no effect on short-term weight regain.
METHODS
The investigation of AT was the primary aim of our 6-wk subsequent overfeeding-CR-refeeding study. Specific aspects of glucose metabolism were secondary aims and were already published (22) . Data on energy expenditure, energy balance, and detailed body composition were not part of the previous study.
Subjects
Thirty-twohealthyyoungmenwererecruitedfromthecampusof the Christian Albrechts University (CAU) between February 2010 and September 2012. Participants were kept in residence during the day from 0800 to 1800 at our institute, which is part of the CAU. Participants were students outside the area of nutritional and medical science. They were monitored for compliance with the use of 24-h individual glucose monitoring and pedometers. Exclusion criteria were smoking, obesity, chronic diseases, regular use of medications, recent weight changes, vegetarianism, heavy exercise, and food allergies. Subjects had a normal insulin sensitivity that was verified with the use of a hyperinsulinemic euglycemic clamp(1mUinsulin$ kg body weight 21 $ min
21
). The study protocol followed the Declaration of Helsinki, and all procedures were approved by the Ethics Committee of the Medical Faculty of the CAU. Given the 1) normal weight of our volunteers and 2) the expected weight loss in response to a 3-wk period of CR (i.e., w6 kg body weight), the ethical committee of the CAU asked us to precede CR by a 1-wk overfeeding period (at +50% of energy needs). All subjects provided written informed consent before participation. Subjects received an honorarium of V1200 (US$1316) for participation.
Study protocol
We performed 2 studies. Study 1 followed the original 6-wk intervention protocol.Onthe basis of the results of study 1,a short-term study 2 was performed 1.5 y later on early metabolic adaptation.
Study 1 was performed in 32 subjects aged 20-37 y [BMI (in kg/m 2 ) ranged between 20.7 and 29.3; mean 6 SD FM: 17.9 6 5.7%)]. Details of the protocol have been previously described (22) . During a 10-wk baseline period in residence, habitual food intake (with the use of dietitian-guided dietary records), REE (with the use of indirect calorimetry), and physical activity [with the use of 24-h heart rate and accelerometry] were assessed 3 times to calculate individual energy needs. A physical activity level of 1.4 was taken to resemble a sedentary lifestyle. Dietary interventions comprised 1 wk of overfeeding (at +50% of energy requirements; 4059 6 5 2 kcal/d) followed by 3 wk of CR (at 250% of energy requirements; 1353 6 154 kcal/d) and a subsequent 2 wk of refeeding (at +50% of energy requirements; 4059 6 452 kcal/d). Protein intake was 97 6 11 g/d (baseline), 146 6 17 g/d (overfeeding), 49 6 6 g/d (CR), and 146 6 17 g/d (refeeding), respectively. Body weight, body composition (with the use of quantitative magnetic resonance), the fluid balance, and urinary nitrogen excretion were measured daily. Detailed body composition was assessed with the use of whole-body MRI, air-displacement plethysmography, and dilution techniques together with measurements of energy expenditure and plasma concentrations of hormones and substrates.
Study 2 was performed in a subgroup of 8 subjects who had already participated in study 1 to analyze the short-term effects of CR on AT. Contrary to study 1, daily measurements were done for 1 wk of overfeeding followed by 1 wk of CR. In addition, study 2 gave us the opportunity to test the reproducibility of metabolic adaptation to starvation.
In both studies, all foods and drinks were provided. The preparationandconsumptionoffoodsandbeveragesweresupervisedby skilled nutritionists. During the initial overfeeding period, all participants received a normal mixed diet (15% protein, 50 or 65% carbohydrate, and 35 or 20% fat). To standardize dietary intake during CR and refeeding, 50% of the energy intake was given as a liquid-formula diet (InsuLean; D Pape, Essen, Germany). The remaining50%of energywas provided ashigh-glycemicindexand low-glycemic index mixed meals and snacks. For compliance, continuous 24-h glucose monitoring was performed with the use of the FreeStyle Navigator (continuous glucose monitoring) device (Abbott Diabetes Care). In addition, dietary records and pedometers were used each day throughout the study. The energy content of selected duplicate meals was analyzed with the use of bomb calorimetry to check for the calculated energy intake given in the meal plan. Any food left uneaten was included in the final calculations of individual energy balances. Throughout the whole study protocol, ad libitum intake of water as well as of alcohol-and caffeine-free beverages was allowed.
Energy expenditure
Oxygen uptake and carbon dioxide uptake were measured with the use of open circuit indirect calorimetry after an overnight fast. Four ventilated hood systems were used [3 Vmax Spectra 29n devices (SensorMedics, ViasysHealthcare) and one Quark RMR device (COSMED)] with a precision of 4.4-6.5%.Each subject was familiarized with the equipment and was always measured with the same device. Alcohol burning tests were performed as a postcalorimetric test, and any deviation in oxygen uptake and carbon dioxide uptake from the theoretical value was used for devicespecific corrections. Mean corrections for REE were 20.60% (Vmax 1 device), 4.23% (Vmax 2 device), 22.25% (Vmax 3 device), and 1.01% (Quark RMR device), respectively. It was assumed that these values were representative for each indirect calorimeter condition throughout the tests. Because our measurements were done for 1 h and under steady state conditions, this assumption was true (23) . Glucose-induced thermogenesis (GIT) was calculated from the AUC of the 2-h increase in energy expenditure after a 75-g oral glucose load. Accelerometry (SenseWear Armband Systems; Body-Media Inc.) combined with synchronized heart rate monitoring (Actiheart; CamNtech Ltd.) was used to assess activity energy expenditure (AEE). Total or 24-h energy expenditure was the sum of
where 3 stand for 3 meals/d. The flex heart rate was defined from the ndividual minute-to minute relation between the heart rate and submaximal oxygen uptake during an incremental treadmill exercise protocol as the lowest heart rate at light exercise (24) . The use of heart rate-synchronized accelerometry to measure freeliving physical AEE has been validated compared with the use of doubly labeled water in lean young men with various fitness levels (25) . For heart rate variability, low frequency (LF) (ms 2 ) was in the range of 0.04-0.15 Hz, and high frequency (HF) (ms 2 ) was between 0.15 and 0.4 Hz. The LF:HF ratio was taken as a measure of SNS activity. The incremental exercise tolerance test was performed on an electronically braked treadmill ergometer (QuarkRMR, 170D; COSMED). Skeletal muscle work efficiency was assessed on the same treadmill ergometer at different low work loads of 1, 2.5, and 5 km/h. Data are expressed in kcal/min above REE.
Body composition
Analyses of body composition have been described previously. Daily measurements of FM were performed with the use of quantitative magnetic resonance (ECHOMRI-AH; Echo Medical Systems) (26) . Whole-body MRI was used to assess the volumes of adipose tissue, skeletal muscle mass (MM), and internal organs (Magnetom Avanto 1.5 T; Siemens Medical Systems) (27, 28) . Transversal images were obtained from the wrist to ankle with the use of a continuous axial T1-weighted gradient-echo sequence [time to repeat (TR): 157 ms; time to echo (TE): 4 ms]. The protocol for the brain comprised continuous 4-mm slices with 1-mm interslicegaps (TR: 313 ms; TE: 14 ms). The rest of the body images were obtained with an 8-mm slice thickness and 2-mm interslice gaps. Image acquisition for the volumetric assessment of the thoracic and abdominal region was obtained in breath hold, and heart mass was assessed with the use of a breath-navigated and pulse-triggered T2-weighted half Fourier acquisition single-shot turbo spin-echo sequence (TR: 700 ms; TE: 24 ms) (27, 28) . The volume of visceral adipose tissue (VAT) was acquired from the top of the liver or the base of the lungs to the femur heads. All images were segmented manually (Slice-O-Matic 4.3 software; TomoVision) by the same investigator (MP). The intra-observer variance for repeated measurements was ,2% (e.g., 0.9% for subcutaneous adipose tissue, 1.0% for VAT, and 1.8% for skeletal MM). Total organ and tissue volumes were calculated from the sum of all areas (cm 2 ) multiplied by the slice thickness and interslice gap. Volume data were transformed into masses with the use of the following organ and tissue densities: 1.036 g/cm 3 for the brain, 1.06 g/cm 3 for the heart and liver, 1.05 g/cm 3 for the kidneys, 1.04 g/cm 3 for skeletal MM, and 0.92 g/cm 3 for VAT and subcutaneous adipose tissue (compare references 27-29).
Liver fat was determined with the use of the 2-point Dixon method with a volume interpolated breath-hold examination as previously described (30) . Briefly, a T1-weighted gradient-echo sequence with in-phase and out-of-phase imaging was performed with the use of the following variables: TR, 10.4 ms; TE, 4.76 ms (in phase), and 7.14 ms (opposed phase); flip angle, 108 matrix, 80 3 128; and field of view, 440 mm. Fat-only and water-only images were calculated from in-phase and opposed-phase images as follows:
Water only ¼ 1=2 3 ðin phase þ opposed phaseÞ ð2Þ
Fat only ¼ 1=2 3 ðin phase À opposed phaseÞ ð3Þ
Forty adjacent slices were acquired within a 19-s breath hold to cover the liver with a slice thickness of 5 mm and a 1-mm inter-slice gap. Images were analyzed and processed with the use of ImageJ software (version 1.50, 2012; NIH) to calculate hepatic fat fraction (HFF) images from fat-only and water-only images. A single continuous region of interest was defined (20.62 3 20.62) in each of 5 adjacent HFF images and was placed in the liver parenchyma with the avoidance of major blood vessels. The region of interest was placed in the same area for all repeated measurements. The quantity of liver fat was determined as the percentage of the total liver core and was averaged for the 5 HFF images. The intra-organ fat percentage was evaluated from 2 liver regions of interest as defined and averaged by one observer (AB-W).
In study 2, total body water (TBW) and extracellular water (ECW) were measured in 8 subjects with the use of deuterium and sodium bromide dilution (see reference 31 for additional details). After 40-mL venous blood samples were obtained, each subject drank an oral dose of 0.4 g deuterium oxide/kg body weight with an amountof100mLtapwater.Fourhourslater,asecondbloodsample was taken. The concentration of deuterium oxide was measured in the ultrafiltrate as 2 H/ 1 H enrichment of the serum samples with the use of isotope ratio mass spectrometry. The intra-individual CV for plasma deuterium atom percent excess was 0.18 6 0.09%. To assess ECW, an oral dose of sodium bromide that provided 50 mg bromide/kg body weight was administered simultaneously with deuterium-enriched water. Bromide was quantified in plasma samples with the use of a nondestructive liquid X-ray fluorescence technique with a reproducibility of 6 0.8%. Corrected bromide space was used as the proxy for ECWand calculated with the use of the following formula: The dose is the dose of 2 H2O expressed in g, 99.9 is the AP (abundance over natural occurrence) of 2 H2O, 20 is the molecular METABOLIC ADAPTATION TO WEIGHT LOSS weight of 2 H2O, 18.02 is the molecular weight of unlabeled water, the atom percent excess is the AP plateau 2AP baseline , and 1.04 is the correction for hydrogen dilution space. Intracellular water (ICW) was calculated from the difference of TBW and ECW.
Analytic methods
Hormones and substrates were analyzed with the use of standard laboratory techniques as described previously (9, 22) . Thyroid hormonesandthyroid-stimulatinghormonewereanalyzed with the use of a chemiluminescence immunoassay (Immulite; Siemens Medical Solutions Diagnostics), leptin (DRG Leptin ELISA EIA-2395; DRG-Instruments), adiponectin was analyzed with the use of a radioimmunoassay (Millipore), insulin was analyzed with the use of an electrochemiluminescence immunoassay (ECLIA; ElecsysRoche Diagnostics), insulin-like growth factor I was analyzed with the use of a chemiluminiscence immunoassay (Diasorin SpA), and testosterone and sex hormone binding protein were analyzed with the use of a chemiluminiscence immunoassay (ARCHITECT 2nd Generation; Abbott Laboratory). Catecholamines (adrenaline andnoradrenaline)wereanalyzedintheurinewith theuseofHPLC, and the 24-h urinary excretion rate was calculated. Osmolalities in 24-h urine samples and single-morning overnight fasting serum samples were determined with the use of the freezing-point depression technique. The osmometer was calibrated with the use of a 280-mOsm/kg H 2 O standard with a between-run CV for the assay ,0.5%.
Calculations
AT was calculated from the differences in REE adjusted (REEadj) for FFM (see reference 41), i.e., AT caloric restriction ¼ REEadj at caloric restriction ÀREEadj at day 7 of overfeeding ð6Þ
AT-positive subjects were characterized by an AT that exceeded the intra-individual variance in REE. The difference between REE predicted and resting energy expenditure measured with the use of indirect calorimetry (REE measured ) reflected changes in the specific metabolic rates of organs and tissues. The calculation of the energy content of weight changes was based on body-composition data with the assumption of energy densities of 1100 kcal/kg FFM and 9300 kcal/kg FM (8000 kcal/kg adipose tissue), respectively (34) . The percentage of protein gained or the loss of body weight gained or lost (p-ratio; i.e., protein energy mobilized/total energy mobilized) was calculated according to Dulloo et al. (35) . Body protein was assessed from the cumulative changesinnitrogenbalanceduringoverfeeding, CR,andrefeeding. At baseline, body protein was calculated from FFM as measured with the use of an air-displacement plethysmograph with the assumption of a protein content of 19.4% (36) .
Fluid and sodium balances were calculated from fluid and sodium intake plus the amount of water produced by macronutrient oxidation. Urine and plasma indexes were used to assess the wholebody water balance (37) . Obligatory urine volume [or iso-osmotic urine volume (IUV)] is defined as the volume of water necessary to excrete the extracellular osmotic load in urine that has the same concentration as serum. IUV is calculated as IUV ¼ 24-h urine osmolar clearanceOplasma osmolality ð8Þ where 24-h urine osmolar clearance is calculated from 24-h urine osmolality (U osm ), and the 24-h urine volume is calculated as 24-h urine osmolar clearance ¼ U osm 3 urine volume ð9Þ
The freewater clearance rate (FWCR) (in mL/24 h) is the difference between the total 24-h urine volume and the IUV. A negative value represents the retention of excess water by the kidneys. By contrast, a positive FWCR reflects water removal from plasma in excess of solutes. In addition, the ratio of U osm to plasma osmolality ratio (P osm ) was used as a hydration biomarker with U osm :P osm ,1.0 reflecting a relative water excess, whereas U osm :P osm .1.0 reflects a relative water deficiency. Therefore, the IUV can also be calculated as
The insulin:glucagon molar ratio was calculated from measured plasma concentrations as follows:
Insulin:glucagon ratio ¼ ½insulin ðin lU=mLÞ Oglucagonðin pg=mLÞ 3 23:3 ð11Þ
Statistical analysis
Results are expressed as means 6 SDs. All statistical analyses were conducted with the use of SPSS 21.0 statistical software (IBM). The prediction of weight loss was determined with the use of nonlinear regression derived from semilog plots of body weight vs. the day of CR. Data were described with the use of a 2-compartment model developed with WinNonlin software (version 6.3; Pharsight) with an early rapid phase (decay constant k 1 ) and a later slow phase (decay constant k 2 ). REE was adjusted for 1) FFM and 2) FFM plus FM (38) . ATwas the primary endpoint of our study. To identify possible determinants, associations between AT and 1) body composition and 2) hormones [leptin, 3,5,3#-triiodo-thyronine (T3), insulin, and SNS activity] were tested with the use of the Pearson correlation coefficient. In study 2, the specific focus was on the kinetics of AT. Throughout days 1-7 we repeatedly tested REE and compared the results with the previous day's measurements. Associations between AT and its determinants were tested at day 3 of CR (end of the initial more-rapid phase of Determined with the use of quantitative magnetic resonance. 4 Calculated from nitrogen-balance data.
weight loss). Data normality was tested with the use of the Kolmogorov-Smirnov test. A 1-factor ANOVA was conducted to test for differences in outcome variables after CR and refeeding. A repeated-measures ANOVA was used to observe differences across intervention periods followed by Bonferroni post hoc tests. The a level of significance was set at 0.05. Bonferroni post hoc tests were performed to examine differences between ATpositive and AT-negative subgroups.
RESULTS

Body weight and body composition
In study 1, subjects gained 2.3% of body weight with overfeeding, whereas CR resulted in a weight reduction of 7.5% with a regain of 4.5% during refeeding (Table 1, Figure 1A) . During CR and refeeding, day-to-day variances in body weight were 2.1% and 1.5%, respectively. Total weight loss correlated with body weight before CR (r = 20.73, P , 0.01). The higher the body weight was before CR, the higher the weight loss was. During refeeding, weight gain correlated with body weight at the end of CR (r = 0.61, P , 0.05). Average percentage changes in FM were +5.8% (overfeeding), 217.8% (CR), and +10.0% (refeeding), respectively (Table 1, Figure 1A ) with day-to-day variances of 6.6% (CR) and 5.1% (refeeding). As average percentage values, total body protein increased with overfeeding (by +1.4%), decreased with CR (by 22.6%), and increased again with subsequent refeeding (+5.6%).
Weight loss was associated with nonlinear changes in body composition. FFM decreased by 313 6 40 g/d (week 1), 90 6 83 g/d (week 2), and 66 6 60 g/d (week 3), respectively. Corresponding losses of FM were 168 6 43 g/d (week 1), 109 6 50 g/d (week 2), and 142 6 42 g/d (week 3). With CR, weight loss was correlated with the loss of FFM (r = 0.78, P , 0.01) as well as off FM (r = 0.42, P , 0.05). Vice versa, weight gain was correlated with gains in FFM (r = 0.85, P , 0.01) and in FM (r = 0.65, P , 0.01). Wholebody MRI data showed that the loss of FFM was explained by losses in skeletal MM and organ masses (significant for the liver and kidneys) and a nonsignificant decrease in residual mass (24%) ( Table 1) . A total of 72% of the loss in organ masses were explained by decreases in liver mass and liver fat (230 g/3 wk). In study 2, liver mass decreased by 20.15 6 0.11 kg (P , 0.01) within the first week of CR. With refeeding, organ and tissue masses regained to baseline amounts (Supplemental Table 1 ).
Urinary nitrogen excretion rates were 17.15 6 4.716 g/d (overfeeding: P, 0.01 comparedwithatbasal),11.08 6 3.529 g/d (CR: FIGURE 1 Mean 6 SD day-to-day changes in body weight (upper panel), fat mass (middle panel), and N balance (lower panel) during 1 wk of OF, 3 wk of CR, and 2 wk of RF in 32 normal-weight, healthy, young volunteers (data are from study 1; n = 32) (A). Extension of the 21-d period of CR with mean 6 SD day-to-day values for the p-ratio (i.e., protein energy mobilized/total energy mobilized), urinary N excretion, body weight, and REE (data are from study 1; n = 32) (B). CR, caloric restriction; N, nitrogen; OF, overfeeding; p-ratio, percentage of protein gained or loss of body weight gained or lost; REE, resting energy expenditure; RF, refeeding. P , 0.05 compared with at basal), and 19.47 6 4.811 g/d (refeeding; not significantly different from at basal) (Table 1) . Throughout CR, the p-ratio remained constant ( Figure 1B) .
In study 2, the urinary excretion of creatinine was 177. Table 2 ). Plasma creatinine concentrations were 78.00 6 8.194 mM/L (overfeeding), 84.63 6 9.899 mM/L (3 d of CR), and 91.13 6 15.487 mM/L (7 d of CR), respectively (overfeeding compared with either 3 or 7 d of CR, both P , 0.05) (Supplemental Table 2 ). Sodium excretion decreased during CR. Concomitantly, the FWCR became positive and was correlated with changes in ECW (r = 20.73, P , 0.05) as well as the ICW:ECW ratio (r = 20.76, P , 0.05) (Supplemental Table 2 ).
As 
Energy expenditure and energy balance
During CR, REE, 24-h energy expenditure, the respiratory quotient (RQ), heart rate, and blood pressure all decreased in both studies ( Figure 1B, Figure 2 , Table 2, Supplemental Table 3) . Day-to-day variances in REE and REE adj FFM+FM were 5.8 and 5.2%, respectively. The interindividual variance in decreases in REE with CR was 22.9%.
In study 2, changes in REE, AT (P = 0.05), and the RQ became significant at day 3 and are shown in Figure 3 . There was a close association between decreases in REE and the RQ and their subsequent increases with refeeding (r = 20.59, P , 0.01). The higher REE and the RQ were before CR, the higher were their decreases with CR (r = 20.64, P , 0.01; r = 0.66, P , 0.05, respectively). For the comparison of REE predicted (calculated from individual organ masses times their specific metabolic rates) with REE measured , at baseline, the difference was +10 6 86 kcal/d. During CR, REE predicted underestimated REE measured by 72 6 115 kcal/d with a corresponding value of +35 6 99 kcal/d after refeeding (Table 2 ). Cumulative energy balances that were based on changes in body composition were 8509 6 5342 kcal/1 wk of overfeeding, 228,181 6 4852 kcal/3 wk of CR, and 13,654 6 6174 kcal/2 wk of refeeding, respectively.
Compared with at baseline, metabolic costs of walking at a low speed decreased with CR and increased again with refeeding ( Table  2) . Part of the effect persisted during 2 wk of refeeding. With refeeding, all other variables normalized. Over the whole study, submaximal oxygen uptake remained unchanged.
Substrates and hormones
In study 1, CR reduced SNS activity and plasma T3, leptin, adiponectin, testosterone, and insulin concentrations ( Table 3) .
With CR, plasma concentrations of free fatty acids (study 2) and ghrelin (study 1) increased (Table 3, Supplemental Table 4) .
In study 1, there were no statistically significant associations between the energy balance or changes in FM and 1) baseline plasma concentrations of either leptin or insulin and 2) their changes with CR or refeeding. Plasma concentrations of insulin and leptin were correlated with each other (CR: r = 0.43, P , 0.02; refeeding: r = 0.48, P , 0.01). Euglycemic hyperinsulinemic clamp data suggested that insulin sensitivity was normal and remained unchanged over the 6-wk weight cycle (Table 3) .
Correlates of AT
In study 2, the decrease in REE correlated with the extent of weight and FFM losses (r = 0.43 and 0.45, respectively, P , 0.05). AT had no associations with changes in body fat, VAT, liver fat, organ masses, ratios of organ masses:FFM, and nitrogen and sodium balances. During the first week of CR weight loss (r = 0.58, P , 0.01), the decrease in FFM (r = 0.53, P , 0.001), the negative fluid balance (r = 0.51, P , 0.05), and the fall in the basal heart rate (r = 0.60, P , 0.05) were all significantly correlated with the extent of AT.
As regards hormonal determinants, there were no correlations between AT and changes in either T3 (r = 0.20, NS), insulin (r = 20.10, NS), leptin (r = 20.03, NS), the leptin:FM ratio (r = 20.03, NS), ghrelin (r = 0.09, NS,) or variables of SNS activity (i.e., urinary noradrenaline excretion: r = 0.04, NS; SD of all normal-to-normal intervals: r = 0.13, NS; root mean square successive difference: r = 20.07, NS; LF:HF ratio: r = 0.20, NS) in study 1. In study 2, the extent of ATwas correlated with reductions in insulin secretion assessed by the excretion of C-peptide (r = 0.92, P , 0.001) (Figure 4 ). There was a positive association between AT and the plasma glucagon concentration (r = 0.81, P , 0.01). At the thirds day of CR, there were significant correlations between ATand either the U osm :P osm ratio (r = 20.80, P , 0.001) or the FWCR (Figure 4) . The more water that was removed in excess of solutes resulted in lower AT. Both 24-h urinary C-peptide secretion and plasma leptin concentrations were associated with the U osm :P osm ratio (r = 20.76, P , 0.001; r = 20.71, P , 0.05, respectively) and FWCR (for C-peptide secretion, see Figure 4 ; for leptin: r = 20.71, P , 0.05). AT was also related to the ICW:ECW ratio (r = 0.66, P , 0.05). AT was most pronounced at a low FWCR and a high ICW:ECW ratio. No associations were shown between AT and 1) changes in 24-h urinary sodium and aldosterone excretion and 2) plasma brain natriuretic peptide concentrations. In study 1, AT had no associations with regains of weight, FM, or nitrogen balance.
Reproducibility of AT
Baseline values of 8 volunteers obtained before the first and the second studies showed minor differences in body weight (2.0%) and in resting energy expenditure adjusted for FFM plus FM (0.3%), respectively. Individual data were highly correlated (data not shown). CR resulted in similar decreases in body weight (23.48 6 0.1.155 kg in study 1 compared with 23.21 6 0.709 kg in study 2), REE (2226 6 138 kcal/d in study 1 compared with 2208 6 144 kcal/d in study 2), and the RQ (20.14 6 0.047 in study 1 compared with 20.11 6 0.047 in study 2).
DISCUSSION
We showed that AT is as an immediate phenomenon that occurs during early starvation (Figures 2 and 3 ) and is maintained throughoutCR (Table2,Figures2and3) .Therewasaconsiderable between-subject variance in metabolic adaptation and weightloss-associated changes in body composition ( Figure 1A , Tables 1  and 2, Supplemental Tables 1-3) . Because ATwas reproducible, and the p-ratio (i.e., protein energy mobilized/total energy mobilized) was kept nearly constant throughout the whole semistarvation period ( Figure 1B) , there was evidence of biological regulation.
There were considerable between-study differences in AT. With the use of a 2-compartment model, the mean AT was 104 kcal/d in normal-weight subjects (Figures 2 and 3 , Table 2 ). By contrast, AT reached 504 kcal/d in obese patients after weight loss (39, 40) . The between-study difference in AT was partly explained by the extent of weight loss (i.e., 6 kg in our study compared with #40 kg in obese patients; see Table 1 and references 39 and 40) . Furthermore, in these clinical studies, the authors adjusted REE with the use of the REE-FFM relation before weight loss (39, 40) . This method did not take into account the impact of obesity on the organ mass-FFM relation (41) . The loss if FM increased the brain:FFM ratio, whereas liver:FFM, heart:FFM, and kidneys:FFM ratios decreased (41) . These changes affected the REE-FFM relation and the calculation of AT.
CR decreased REE as well as non-REE (Table 2) . It is already known that CR decreases metabolic costs of movement (17, 19) . This effect was not fully compensated within 2 wk of refeeding (Table 2 ). CR had no significant effect on GIT ( Table 2) .
Impact of endocrine determinants on AT
CR-associated decreases in plasma concentrations of T3 and leptin as well as in SNS activity are considered as major determinants of AT (7, 17, 18) . Although we reproduced the endocrine changes with weight loss (Table 3, Supplemental Table 4 ), these hormones had no associations with AT. In addition, there was no association between ATand FM. These results are in line with data on obese patients after weight loss that showed no associations between AT and decreases in absolute plasma concentrations of either T3 or leptin (39, 40) . Our results do not argue against the findings that a low-dose administration of either T3 (42) or leptin (17, 43) and catecholamine replacement (44) partly reversed AT, which suggested the thermic effects of these hormones. However, these effects may not resemble regulation during CR. This idea is supported by the finding that the inhibition of the conversion of 3,5,3#,5#-tetra-iodo-thyronine to T3 was without effect on REE (45) . Vice versa, refeeding increased plasma T3 and SNS activity but not REE (46) . These findings question a regulatory role of T3 and SNS activity in AT.
Following the associations between plasma leptin concentrations and REE in anorectic patients compared with in normalweight and overweight subjects, there was a steep relation at very low leptin concentrations, whereas no association was seen in normal-weight and overweight subjects (47) . These data suggest a thermic effect in underweight patients only, which fits the idea of an asymmetric metabolic control or a so-called threshold effect of leptin (48) . Our data do not exclude an effect of leptin on the nonresting compartment of energy expenditure.
Because ATwas related to early starvation, its control should be explained in that context (49) . At day 3 of CR, AT was closely correlated with the fall in insulin secretion (Figure 4) , which was associated with changes in whole-body glucose and lipid oxidation (see the RQ in Figures 2 and 3) as well as the fluid balance and FWCR (Figure 4 ). The lower insulin was, the lower the free water removal was. The removal of water in excess of solutes was negatively associated with the extent of resting AT (i.e., water retention adds to AT).
Impact of detailed changes in the composition of FFM and FM on AT
Weight loss was associated with changes in the major 2 body components (i.e. FM and FFM) ( Table 1, Supplemental Table 1 ). In the Minnesota Experiment, body fat (by underwater weighing), FIGURE 2 Mean 6 SD REE, AT, and RQ during baseline, 1 wk of OF, CR1, CR2, CR3, and 2 wk of RF [data are from study 1 (n = 32); bars that do not share a common lowercase letter are significantly different from each other, P , 0.05]. AT, adaptive thermogenesis; CR1, 1 wk of caloric restriction; CR2, 2 wk of caloric restriction; CR3, 3 wk of caloric restriction; OF, overfeeding; REE, resting energy expenditure; RF, refeeding; RQ, respiratory quotient.
TABLE 2
EE, heart rate, body temperature, energetic efficiency at low-intensity exercise, and aerobic fitness ( _ VO 2 submax) during sequential overfeeding, underfeeding, and refeeding (n = 32; study 1) extracellular fluid (thiocyanate space), blood volume (blue dye), and bone mass (calculated from the X-ray density) were assessed (19) . The active tissue was calculated from the difference between body weight and the sum of weights of FM, bone mineral, and extracellular fluid (including plasma). Although Grande et al. (20) could not go beyond a molecular and cellular model of body composition, they had already speculated that starvation-induced losses in organs and tissues add to the variance in AT. This idea is supported by our current data. Whole-body MRI data showed that, within 3 wk, CR yielded considerable decreases in skeletal MM and liver and kidney masses ( Table 1, Supplemental Table 1 ). This effect has been overlooked in other studies on AT where a 2-compartment rather than a model at the organ and tissue level had been used (see, e.g., references 39 and 40). After the changes in the composition of FFM (and thus massdependent effects) were accounted for, 72 kcal/d can be considered "true" AT. The calculation of REE according to the observed decreases in function-related changes in the specific metabolic rates of the heart (decrease in heart rate: 213%; 2384 kcal/kg) and kidneys (decrease in kidney function: 239%; 2269 kcal/kg) together with the apparent increases in liver-specific metabolic rates (206 kcal/kg as a result of increased gluconeogenesis as calculated from urinary urea excretion) add up to 40 kcal/d, which leaves 32 kcal/d or 44% of "true" ATunexplained. Taking into account the (nonsignificant) decline in body temperature (20.38C; Table 2 ) and a temperature coefficient (Q 10 ) of 2 (= 238 kcal/d) would explain AT.
Impact of AT on regain of FM and VAT
AT may contribute to weight regain (14) . However, our data showed that AT was reversible within 2 wk of refeeding ( Figure 2 ; Table 2 ). As regards body composition, contributions of FFM and FM to either weight loss or weight gain were comparable (Table 1) . TherewerenodisproportionalincreasesineitherFMorVAT( Figure  1A , Table 1 ). In the study of Keys et al. (19) , the composition of body weight regain differed from that of weight loss with disproportional increasesinFMandabdominalcircumferenceduringrefeeding;this was called "catch up fat" or a "fat overshooting" phenomenon (7).
Study limitations and comparison with the Minnesota Experiment
In the Minnesota experiment as well as in our study, the energy deficit was 50%, and 32 healthy, lean subjects were investigated. FIGURE 3 Mean 6 SD day-to-day data of the effect of 7 d of CR on body weight, fat mass, the p-ratio, REE, AT, and the RQ (data are from study 2; n = 8). Day 0 resembles the end of the first week of overfeeding. Changes became significant at day 3 for REE (P , 0.05), AT (P = 0.05), the RQ (P , 0.05), and the p-ratio (P , 0.05); at day 2 for fat mass (P , 0.01); and at day 1 for body weight (P , 0.001). AT, adaptive thermogenesis; CR, caloric restriction; p-ratio, proportion of protein lost; REE, resting energy expenditure; RQ, respiratory quotient.
However, CR lasted 3 wk in our protocol compared with 24 wk in the original study (19) . Furthermore, refeeding was 2 wk in the current study compared with 12 wk of rehabilitation in the Minnesota Experiment. Our CR-study protocol could not be extended .3 wk because of ethical reasons.
The Minnesota semistarvation diet consisted of potatoes, cabbage, turnips, and cereals with only a few grams of animal proteinperweek;thus,thevolunteersreceivedanenergy-restricted, very-low-fat (i.e., 27 g/d) and protein-restricted diet (55 g/d). By contrast, our subjects consumed a caloric-restricted but balanced diet (which varied only in carbohydrate and fat contents; see Methods). Despite reductions in food intake, Keys et al. (19) insisted that the men maintain their active lifestyle, including 22 miles of walking each week. By contrast, our subjects maintained a sedentary lifestyle throughout the whole study period.
In the Minnesota Experiment, volunteers lost 24% and 27.4% of their body weight and active tissue, respectively (19) . At the end of the study, volunteers showed signs and symptoms of edema, anemia, polyuria, bradycardia, weakness, and depression (51). In the current study, 3 wk of CR decreased FFM (by 3.7%), body protein (by 2.0%), skeletal MM (by 4.7%), and internal organ masses (by 7.8%; Table 1 ) without clinical signs of malnutrition.
All foods were weighed, and energy contents were controlled with the use of regular analyses of duplicate portions.During meals, there was strict supervision, and any food left uneaten on the dishes was analyzed, and energy intakes were corrected accordingly. Contrary to the setting in the study of Keys et al. (19) , our volunteers spent w10 h/d in our metabolic ward (where they also had all of their meals) and were free during the remaining hours. Because we did continuous 24-h monitoring of interstitial glucose concentrations and physical activity, we did our best to control the study outside the institute. On the basis of the individual data, we had no evidence for any food intake or excessive physical activity outside of the metabolic ward.
In conclusion, AT is modest but reproducible. AT relates to early starvation and is associated with the fall in insulin secretion and extent of the FWCR. During a 3-wk controlled semistarvation, with a weight loss of w6 kg, AT was manifest in w60% of subjects. Changes in the composition of FFM (interrelations of organ and tissue masses) add to the explanation of AT. "True" AT is lower than what has been assumed previously (i.e., w70 kcal). A reduced heart rate, kidney function, and body temperature together with increased hepatic gluconeogenesis add up to AT. CR-associated changes in leptin and T3 as well as in SNS activity reflect adaptations to weight loss, but they are not related to AT. Within the short term, AT has no impact on weight or fat regain.
